Abstract: Some of the most severe structural loadings come in the form of blast loads, which may be caused by severe accidents or even terrorist activities. Most commonly after exposure to explosive forces, a structure will suffer from different degrees of damage, and even progress towards a state of collapse. Therefore, damage detection of a structure subject to explosive loads is of importance. This paper proposes a new approach to damage detection of a concrete column structure subjected to blast loads using embedded piezoceramic smart aggregates (SAs). Since the sensors are embedded in the structure, the proposed active-sensing based approach is more sensitive to internal or through cracks than surface damage. In the active sensing approach, the embedded SAs act as actuators and sensors, that can respectively generate and detect stress waves. If the stress wave propagates across a crack, the energy of the wave attenuates, and the reduction of the energy compared to the healthy baseline is indicative of a damage. With a damage index matrix constructed by signals obtained from an array of SAs, cracks caused by blast loads can be detected throughout the structure. Conventional sensing methods such as the measurement of dynamic strain and acceleration were included in the experiment. Since columns are critical elements needed to prevent structural collapse, knowledge of their integrity and damage conditions is essential for safety after exposure to blast loads. In this research, a concrete column with embedded SAs was chosen as the specimen, and a series of explosive tests were conducted on the column. Experimental results reveal that surface damages, though appear severe, cause minor changes in the damage index, and through cracks result in significant increase of the damage index, demonstrating the effectiveness of the active sensing, enabled by embedded SAs, in damage monitoring of the column under blast loads, and thus providing a reliable indication of structural integrity in the event of blast loads.
Introduction
Recent years have seen a rise in terrorist activities, and the number of bombing incidents in particular have risen across the globe. Terrorists have been known to indiscriminately target civilian populations, thus exposing civil structures to dangerous blast loads [1, 2] . Furthermore, with the use of vehicles and suitcase bombs against critical elements in city centers, the potential for greatly increased blast magnitudes have intensified [3, 4] . An explosion with adequate destructive force denoted within or near a building can cause catastrophic damage to the building's external and internal structures, leading to immediate or progressive collapse [5] . information about column health, any risk evaluations of the entire structure may not be reliable. In this research, a new approach to damage detection of a concrete column structure subject blast loads using embedded piezoceramic-based devices, smart aggregates (SAs), is proposed. Since the sensors are embedded in the structure, the proposed active-sensing based approach is more sensitive to internal or through cracks than the surface damage. To facilitate the proposed research, a concrete column specimen was fabricated and subjected to air-blast loadings in an explosion containment vessel. The column was placed in a horizontal position with no axial load, and one end of the column was fixed into a concrete bed while the other end was supported by a steel roller to simulate the inflection point (i.e., the actual deformation of a column in the frame structure). Five blasting tests were implemented at different standoff distances above the column. Since the mass of the charges were controlled to a very low level, it is possible to detect the development of the cracks and evaluate the accumulation of damage in the column. Four SAs were installed in the column prior to pouring, two of which were used as actuators to generate probing stress waves, while the other two were used as sensors to detect the stress waves. Blast loads applied on the column caused a damage zone between the actuators and sensors that would directly influence the stress wave attenuation through this area. The stress wave energy attenuated more when travelling through a cracked area. In this paper, the changes of received signal energy were analyzed by wavelet packet analysis, and a damage index was developed to quantify the damage status in the column. For the measurement purpose, dynamic strain gauges and an accelerometer were installed on the column specimen. Experimental results reveal that surface damages, though appear severe, cause minor changes in the damage index, and through cracks result in significant increase of the damage index, demonstrating the effectiveness of the active sensing, enabled by embedded SAs, in damage monitoring of the column under blast loads.
Smart Aggregate-Based Active Sensing Approach

Smart Aggregates
Piezoceramic materials are brittle and cannot be directly used without protection, therefore a smart aggregate (SA) is fabricated to protect the PZT disk by sandwiching it between two marble blocks with epoxy, as shown in Figure 1 . The diameter of the PZT disk is 15 mm, and the thickness is 0.3 mm. With the protection, the PZT transducer can be used in harsh environments. A BNC connector with a cable is used to offer an electric connection to the smart aggregate. Since columns are critical elements needed to prevent structural collapse, knowledge of their integrity and damage conditions is essential for safety after exposure to blast loads. Without accurate information about column health, any risk evaluations of the entire structure may not be reliable. In this research, a new approach to damage detection of a concrete column structure subject blast loads using embedded piezoceramic-based devices, smart aggregates (SAs), is proposed. Since the sensors are embedded in the structure, the proposed active-sensing based approach is more sensitive to internal or through cracks than the surface damage. To facilitate the proposed research, a concrete column specimen was fabricated and subjected to air-blast loadings in an explosion containment vessel. The column was placed in a horizontal position with no axial load, and one end of the column was fixed into a concrete bed while the other end was supported by a steel roller to simulate the inflection point (i.e., the actual deformation of a column in the frame structure). Five blasting tests were implemented at different standoff distances above the column. Since the mass of the charges were controlled to a very low level, it is possible to detect the development of the cracks and evaluate the accumulation of damage in the column. Four SAs were installed in the column prior to pouring, two of which were used as actuators to generate probing stress waves, while the other two were used as sensors to detect the stress waves. Blast loads applied on the column caused a damage zone between the actuators and sensors that would directly influence the stress wave attenuation through this area. The stress wave energy attenuated more when travelling through a cracked area. In this paper, the changes of received signal energy were analyzed by wavelet packet analysis, and a damage index was developed to quantify the damage status in the column. For the measurement purpose, dynamic strain gauges and an accelerometer were installed on the column specimen. Experimental results reveal that surface damages, though appear severe, cause minor changes in the damage index, and through cracks result in significant increase of the damage index, demonstrating the effectiveness of the active sensing, enabled by embedded SAs, in damage monitoring of the column under blast loads.
Smart Aggregate-Based Active Sensing Approach
Smart Aggregates
Piezoceramic materials are brittle and cannot be directly used without protection, therefore a smart aggregate (SA) is fabricated to protect the PZT disk by sandwiching it between two marble blocks with epoxy, as shown in Figure 1 . The diameter of the PZT disk is 15 mm, and the thickness is 0.3 mm. With the protection, the PZT transducer can be used in harsh environments. A BNC connector with a cable is used to offer an electric connection to the smart aggregate. 
Damage Detection Principle
Essentially, an SA is a kind of protected piezoelectric transducer. It will generate an electric charge when subjected to a stress or strain, which is called the direct piezoelectric effect; conversely, it also can produce stress or strain when an electric field is applied to it, which is called the inverse piezoelectric effect [48] . 
Essentially, an SA is a kind of protected piezoelectric transducer. It will generate an electric charge when subjected to a stress or strain, which is called the direct piezoelectric effect; conversely, it also can produce stress or strain when an electric field is applied to it, which is called the inverse piezoelectric effect [48] . Figure 2 illustrates the principle of a smart aggregate-based active sensing system for the damage monitoring of a concrete column after an explosive event. As shown in Figure 2 , there is a pair of SAs embedded in the concrete column. One of them is used as an actuator to generate stress a wave that will propagate along the structure, while the other SA is used as a sensor to detect the stress wave. As shown in Figure 2b , a crack in the concrete structure acts as a relief for the stress wave along the propagation path, which significantly attenuates the energy that the stress wave carries. Therefore, by analyzing the detected stress wave, the degree of the damage of the concrete structure can be monitored. Since the sensors are embedded, the proposed active sensing based approach is more sensitive to internal or through cracks than the surface cracks.
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(a) (b) Figure 2 . Smart aggregate-based active sensing approach to detect damage of concrete structure: (a) The stress wave propagation through the structure without damage (before an explosion); (b) The stress wave propagation through the structure with a damage (after an explosion).
Damage Index and Damage Index Matrices
Wavelet packet analysis enables the inspection of a signal in relatively narrow frequency bands over a relatively short time window. It is an effective signal-processing tool for damage feature extraction. In this paper, wavelet packet-based analysis is applied to offer the corresponding values of the received energy due to different damages. The sensor signal can be decomposed by an n-level wavelet packet into 2 n signal sets   12 2 , , , n X X X [49] , where Xj can be expressed as:
, ,
where m is the number of the sampled data. Additionally, the energy of the decomposed signal is defined as:
where i is the time index, and j is the frequency band number (j = 1 ... 2 n ). The proposed blast damaged index at the ith time is defined as:
where Eh, j is the energy of the decomposed sensor signal at the jth frequency band in the healthy status.
The blast damage index represents the loss portion of the transmission energy. When the index is close to zero, the structure is in a healthy status. When the damage index goes up to a certain threshold value, that means the severe damage occurs in the structure. In this case, the higher the index, the severer the damage. To demonstrate the health status at different locations of the concrete structure, a Sensor-History Damage Index Matrix (SHDIM) Mr×s [50] is defined as: (4) where the matrix element at the pth row and the qth column, Ip,q is the damage index of the pth smart aggregate at the time of the qth test (i.e., p is the sensor index, q is the time index); r is the total number Figure 2 . Smart aggregate-based active sensing approach to detect damage of concrete structure: (a) The stress wave propagation through the structure without damage (before an explosion); (b) The stress wave propagation through the structure with a damage (after an explosion).
Wavelet packet analysis enables the inspection of a signal in relatively narrow frequency bands over a relatively short time window. It is an effective signal-processing tool for damage feature extraction. In this paper, wavelet packet-based analysis is applied to offer the corresponding values of the received energy due to different damages. The sensor signal can be decomposed by an n-level wavelet packet into 2 n signal sets {X 1 , X 2 , · · · , X 2 n } [49] , where X j can be expressed as:
where i is the time index, and j is the frequency band number (j = 1 . . . 2 n ). The proposed blast damaged index at the ith time is defined as:
where E h, j is the energy of the decomposed sensor signal at the jth frequency band in the healthy status. The blast damage index represents the loss portion of the transmission energy. When the index is close to zero, the structure is in a healthy status. When the damage index goes up to a certain threshold value, that means the severe damage occurs in the structure. In this case, the higher the index, the severer the damage. To demonstrate the health status at different locations of the concrete structure, a Sensor-History Damage Index Matrix (SHDIM) M r×s [50] is defined as: where the matrix element at the pth row and the qth column, I p,q is the damage index of the pth smart aggregate at the time of the qth test (i.e., p is the sensor index, q is the time index); r is the total number of smart aggregates and s is the total number of tests. The damage status at different positions of the specimen at different test times can be described by a 3-dimensional damage index matrix plot.
Specimen and Experimental Setup
Test Specimen
In this research, a concrete column, as shown in Figure 3 , is designed and fabricated as the test specimen. For the column, the height is 1.6 m or 1600 mm, and its cross-section is 240 mm × 240 mm. Other dimensions are shown in Figure 3 . The detailed concrete mix proportion is shown in Table 1 . As shown in Figure 3 , four smart aggregates were installed at the pre-determined locations along the steel rebars with the help of plastic zip ties before pouring the concrete. The detailed location of each SA is shown in Figure 3b . The four SAs are numbered 1-4. Please note that SA2 and SA4 are the actuators and SA1 and SA3 are the sensors. The specimen was cured for 28 days following the standard curing procedure. The ASTM has designated five types of Portland cement, of which the one used was designated as Type I. of smart aggregates and s is the total number of tests. The damage status at different positions of the specimen at different test times can be described by a 3-dimensional damage index matrix plot.
Specimen and Experimental Setup
Test Specimen
In this research, a concrete column, as shown in Figure 3 , is designed and fabricated as the test specimen. For the column, the height is 1.6 m or 1600 mm, and its cross-section is 240 mm × 240 mm. Other dimensions are shown in Figure 3 . The detailed concrete mix proportion is shown in Table 1 . As shown in Figure 3 , four smart aggregates were installed at the pre-determined locations along the steel rebars with the help of plastic zip ties before pouring the concrete. The detailed location of each SA is shown in Figure 3b . The four SAs are numbered 1-4. Please note that SA2 and SA4 are the actuators and SA1 and SA3 are the sensors. The specimen was cured for 28 days following the standard curing procedure. The ASTM has designated five types of Portland cement, of which the one used was designated as Type I. In addition, as shown in Figure 4 , which depicts the column in the horizontal position, four strain gauges (S.G.) were surface-bonded on the specimen. The four strain gauges, whose detailed locations are also shown in Figure 4 , are numbered S.G. 1 through S.G.4. An accelerometer was installed next to S.G.3 and was used to capture the acceleration of the specimen. Figure 4 also shows the placement of the explosive charge suspended above the column. In addition, as shown in Figure 4 , which depicts the column in the horizontal position, four strain gauges (S.G.) were surface-bonded on the specimen. The four strain gauges, whose detailed locations are also shown in Figure 4 , are numbered S.G. 1 through S.G.4. An accelerometer was installed next to S.G.3 and was used to capture the acceleration of the specimen. Figure 4 also shows the placement of the explosive charge suspended above the column. 
The Experimental Setup
In this experimental study, a thick-walled explosion containment vessel (ECV), as shown in Figure 5 , was used to host the specimen during an explosion. Figure 6 shows the instrumentation setup for the experiments. Figure 7 shows the specimen in the ECV. 
In this experimental study, a thick-walled explosion containment vessel (ECV), as shown in Figure 5 , was used to host the specimen during an explosion. Figure 6 shows the instrumentation setup for the experiments. Figure 7 shows the specimen in the ECV. The SAs were controlled and monitored through a multifunction data acquisition and control system (DACS). The SAs as sensors are connected to the A/D (analog to digital) convertor of DACS. The SA as an actuator is connected to the D/A (digital to analog) convertor of the DACS through a power amplifier. A laptop PC was used to interface with the system and record the data. During the tests, the pre-amplified excitation voltage is 3V for the D/A convertor. A swept sine wave was employed to excite the SAs repeatedly. The sinusoidal sweep signal increased linearly from 100 Hz to 200 kHz in a one-second cycle, and the sampling frequency was 2 MS/s for the data acquisition and control system. The amplifier provided a fixed gain of 10×, and an operation bandwidth of 0.1-200 kHz.
For comparison, a dynamic strain meter was used to record vertical acceleration and the dynamic strain in the axial direction. The sampling frequency of the strain gage was 128 kHz.
The Experimental Procedure
As shown in Figure 6 , the blast charge is placed above the specimen, and the detailed location of the explosive is shown in Figure 4 . During the tests, a total of five explosions were used. Table 2 shows the details of each explosion. Test No. B0 is used to represent the healthy status and B1-B5 represent the five different explosions. Before the first explosion and after each explosion, smart aggregate based active sensing was conducted following the actuator-sensor sequences, as shown in Table 3 . For example, the Signal No. P1 represents the signal detected by SA-3 when it is used as a sensor while SA-4 is used as the actuator. For Tests B1-B4, as listed in Table 2 , the blast charges were placed away from the structure. However, the distance
between the charges and the structure became less with the procedure of the experiments. Please note that, for Test No. B5, the blast charge was directly placed on the surface of the concrete structure, and this blast will cause the most severe damage to the structure. To detect the development of the cracks and assess the accumulation of damage in the column by each blast load, the mass of each blast charge was 40 g, which is at a relatively low level. The term "charge" here means "TNT equivalent of the shock wave". development of the cracks and assess the accumulation of damage in the column by each blast load, the mass of each blast charge was 40 g, which is at a relatively low level. The term "charge" here means "TNT equivalent of the shock wave". development of the cracks and assess the accumulation of damage in the column by each blast load, the mass of each blast charge was 40 g, which is at a relatively low level. The term "charge" here means "TNT equivalent of the shock wave". development of the cracks and assess the accumulation of damage in the column by each blast load, the mass of each blast charge was 40 g, which is at a relatively low level. The term "charge" here means "TNT equivalent of the shock wave". development of the cracks and assess the accumulation of damage in the column by each blast load, the mass of each blast charge was 40 g, which is at a relatively low level. The term "charge" here means "TNT equivalent of the shock wave". From SA-4 to SA-1 60 cm development of the cracks and assess the accumulation of damage in the column by each blast load, the mass of each blast charge was 40 g, which is at a relatively low level. The term "charge" here means "TNT equivalent of the shock wave". It is clear that the maximum strain grows gradually with the decrease of standoff distances, and the last blast resulted in the most strain since the charge was directly placed on the specimen. This phenomenon is also reflected in the acceleration responses of the specimen, as shown in Figure 10 , which plots the time responses of the acceleration during each blast, and Figure 11 , which depicts the maximum acceleration during each blast. Please note that, to ensure to acquire the needed data, the data acquisition system was turned on 5 ms prior to the detonation. It is clear that the maximum strain grows gradually with the decrease of standoff distances, and the last blast resulted in the most strain since the charge was directly placed on the specimen. This phenomenon is also reflected in the acceleration responses of the specimen, as shown in Figure 10 , which plots the time responses of the acceleration during each blast, and Figure 11 , which depicts the maximum acceleration during each blast. Please note that, to ensure to acquire the needed data, the data acquisition system was turned on 5 ms prior to the detonation. It is clear that the maximum strain grows gradually with the decrease of standoff distances, and the last blast resulted in the most strain since the charge was directly placed on the specimen. This phenomenon is also reflected in the acceleration responses of the specimen, as shown in Figure 10 , which plots the time responses of the acceleration during each blast, and Figure 11 , which depicts the maximum acceleration during each blast. Please note that, to ensure to acquire the needed data, the data acquisition system was turned on 5 ms prior to the detonation. It is clear that the maximum strain grows gradually with the decrease of standoff distances, and the last blast resulted in the most strain since the charge was directly placed on the specimen. This phenomenon is also reflected in the acceleration responses of the specimen, as shown in Figure 10 , which plots the time responses of the acceleration during each blast, and Figure 11 , which depicts the maximum acceleration during each blast. Please note that, to ensure to acquire the needed data, the data acquisition system was turned on 5 ms prior to the detonation. As clearly shown in Figure 10 , the peak of the time history curve that corresponds to the blast is at 5 ms. Moreover, in Figure 9 , the maximum strains from different gauges increased from S.G. 1 to S.G. 4, which are near to the fixed end and the simply supported end, respectively. This phenomenon shows that the different constraint conditions will influence the deformation of the structure under blast loads. 
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The Results of Piezoelectric Active Sensing
The results of the smart aggregate based active sensing of the signal path P2 (SA-2 as an actuator and SA-3 as a sensor) for the five blast are shown in Figure 12a -e. For an easy comparison, the overlapping plots of the signals in Figure 12a -f are shown in Figure 13 . It is clear that at the healthy status, the sensor signal has a large magnitude. The magnitude decreases with the increase of blast number gradually up to Blast 4. For Blast 5, the charge was directly placed on the specimen. After the last blast, the magnitude of the signal significantly dropped and was almost zero, which indicates a severe damage to the structure and the stress wave can no longer propagate from the actuator to the As clearly shown in Figure 10 , the peak of the time history curve that corresponds to the blast is at 5 ms. Moreover, in Figure 9 , the maximum strains from different gauges increased from S.G. 1 to S.G. 4, which are near to the fixed end and the simply supported end, respectively. This phenomenon shows that the different constraint conditions will influence the deformation of the structure under blast loads. 
The results of the smart aggregate based active sensing of the signal path P2 (SA-2 as an actuator and SA-3 as a sensor) for the five blast are shown in Figure 12a -e. For an easy comparison, the overlapping plots of the signals in Figure 12a -f are shown in Figure 13 . It is clear that at the healthy status, the sensor signal has a large magnitude. The magnitude decreases with the increase of blast number gradually up to Blast 4. For Blast 5, the charge was directly placed on the specimen. After the last blast, the magnitude of the signal significantly dropped and was almost zero, which indicates a severe damage to the structure and the stress wave can no longer propagate from the actuator to the As clearly shown in Figure 10 , the peak of the time history curve that corresponds to the blast is at 5 ms. Moreover, in Figure 9 , the maximum strains from different gauges increased from S.G. 1 to S.G. 4, which are near to the fixed end and the simply supported end, respectively. This phenomenon shows that the different constraint conditions will influence the deformation of the structure under blast loads.
The results of the smart aggregate based active sensing of the signal path P2 (SA-2 as an actuator and SA-3 as a sensor) for the five blast are shown in Figure 12a -e. For an easy comparison, the overlapping plots of the signals in Figure 12a -f are shown in Figure 13 . It is clear that at the healthy status, the sensor signal has a large magnitude. The magnitude decreases with the increase of blast number gradually up to Blast 4. For Blast 5, the charge was directly placed on the specimen. After the last blast, the magnitude of the signal significantly dropped and was almost zero, which indicates a severe damage to the structure and the stress wave can no longer propagate from the actuator to the sensor. This trend is also verified by other signal paths, as shown in the damage index matrix (Figure 14) , which clearly shows the significant increases of the damage index values for all signals after the last blast.
14), which clearly shows the significant increases of the damage index values for all signals after the last blast.
All these indicate that the structure was severely damaged after the last blast, which is verified by the damages to structure graphically (Figures 15 and 16) . Figure 15a shows very minor surface damages after the first two blasts. Figure 15b shows the column after the Blast 4 and we can see severe surface damages (a large but not-deep crater and cracks). After a careful check, these cracks remain at the surface and no through crack was observed. For Figure 15b , the damages appears severe, however, only remain at the surface, which is consistent with the fact all the actuator-sensor signals after Blast 4 are still strong. From these photos, the blast prior to the last one caused no or minor damages (superficial or surface damages and cracks) to the structure (Figure 15a ). As shown in Figure  15c and further verified in Figure 16 , the last blast indeed resulted in significant damages (through cracks) to the structure, which was detected by the smart aggregate based active sensing. All these indicate that the structure was severely damaged after the last blast, which is verified by the damages to structure graphically (Figures 15 and 16 ). Figure 15a shows very minor surface damages after the first two blasts. Figure 15b shows the column after the Blast 4 and we can see severe surface damages (a large but not-deep crater and cracks). After a careful check, these cracks remain at the surface and no through crack was observed. For Figure 15b , the damages appears severe, however, only remain at the surface, which is consistent with the fact all the actuator-sensor signals after Blast 4 are still strong. From these photos, the blast prior to the last one caused no or minor damages (superficial or surface damages and cracks) to the structure (Figure 15a ). As shown in Figure 15c and further verified in Figure 16 , the last blast indeed resulted in significant damages (through cracks) to the structure, which was detected by the smart aggregate based active sensing. 
Discussion
Concrete is a kind of material that possesses initial micro-cracks. These initial cracks will extend and join each other when disturbed by a severe impact load, and the joining of the cracks results in a certain degree of damage to the structure. The merging of the micro-cracks after the first blast (B1) can be indicated with the blast damage index, as shown in Figure 14 . Further cracking requires a considerable amount of additional energy. However, as shown in Figure 9 , under the blast loads B2-B4, the maximum strain at the monitoring points have yet to reach their ultimate value, which means according to the strain gauges, the blast loads were not enough to trigger severe damage to the specimen. This conclusion can also be drawn from the SA data in Figure 14 , in which the damage index does not rise sharply after the blast loads B2-B4. In addition, the observation of the craters on the structure, as shown in Figure 15b , does not necessarily accurately indicate the true damage severity of the structure. Since the smart aggregates were embedded in the concrete column, the stress waves propagate inside the column, and the damage index value reflect the internal damages to the structure. Corresponding the case of Figure 15b , after Blast 4.
The final blast, which exploded directly on the surface of the structure, severely damaged the structure. As shown in Figure 15 , penetration or through cracks were evident in the structure, and the corresponding blast damage index is close to 1. An index of 1 means the structure is 100% damaged at the moment. The propagating path P2 of the stress wave was immediately below the explosive charge. Therefore, the column damage reflected by the signal of P2 in each explosion is higher than those of the P1 and P3, which were further away than P2. The monitoring signal P4 
Concrete is a kind of material that possesses initial micro-cracks. These initial cracks will extend and join each other when disturbed by a severe impact load, and the joining of the cracks results in a certain degree of damage to the structure. The merging of the micro-cracks after the first blast (B1) can be indicated with the blast damage index, as shown in Figure 14 . Further cracking requires a considerable amount of additional energy. However, as shown in Figure 9 , under the blast loads B2-B4, the maximum strain at the monitoring points have yet to reach their ultimate value, which means according to the strain gauges, the blast loads were not enough to trigger severe damage to the specimen. This conclusion can also be drawn from the SA data in Figure 14 , in which the damage index does not rise sharply after the blast loads B2-B4. In addition, the observation of the craters on the structure, as shown in Figure 15b , does not necessarily accurately indicate the true damage severity of the structure. Since the smart aggregates were embedded in the concrete column, the stress waves propagate inside the column, and the damage index value reflect the internal damages to the structure. Corresponding the case of Figure 15b , after Blast 4. The final blast, which exploded directly on the surface of the structure, severely damaged the structure. As shown in Figure 15 , penetration or through cracks were evident in the structure, and the corresponding blast damage index is close to 1. An index of 1 means the structure is 100% damaged at the moment. The propagating path P2 of the stress wave was immediately below the explosive charge. Therefore, the column damage reflected by the signal of P2 in each explosion is higher than those of the P1 and P3, which were further away than P2. The monitoring signal P4 detected structural damage at a longer distance. It can be seen from Figure 13 that P4 reflects an accumulation of damages from several other paths. In summary, since the sensors are embedded, the proposed active-sensing based approach can clearly detect the through cracks as a result of blast damages.
Conclusions and Future Work
In this paper, the damage status of a concrete column under blast loads is monitored by an active sensing method enabled by embedded piezoceramic smart aggregate (SA) transducers. Since the cracks caused by blast loads weaken the stress wave propagation energy across the detection area, the amplitude of the time-domain signal received by embedded PZT sensors decreases when the cracks occur. A wavelet packet-based blast damage index is used to report the initiation and the further evolution of the damage status. Since the sensors are embedded in the structure, the proposed active-sensing based approach is more sensitive to internal or through cracks than surface damages. In addition, the values in damage index matric obtained by distributed PZT sensors not only describe the damage evolution process but also reflect the local severity of damage condition in the concrete structure. Experimental results reveal that surface damages, though appear severe, cause minor changes in the damage index, and through cracks, which dramatically weaken a structure, result in significant increase of the damage index, demonstrating the effectiveness of the proposed active sensing method, enabled by embedded SAs, in damage monitoring of the column under blast loads, and thus providing a reliable indication of structural integrity in the event of blast loads. Future work will include more systematic studies of monitoring of the damages on a concrete structure subject to blast loads using SAs. One of the test will involve investigating the damage index increase when the blast loads are repeated at the same distance from the structure.
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